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We report time resolved measurements of spin relaxation in doped and undoped InSb quantum
wells using degenerate and two-color magneto-optical Kerr effect techniques. We observed that the
photo-excited spin dynamics are strongly influenced by laser excitation fluence and the doping profile
of the samples. In the low fluence regime, an oscillatory pattern was observed at low temperatures
(≤ 77 K) in the samples with an asymmetric doping profile which might be attributed to the quasi-
collision-free spin relaxation regime. Our measurements also suggest the influence of the barrier
materials (AlxIn1−xSb) on the spin relaxation in these material systems.
PACS numbers: 75.50.Pp, 78.20.Ls, 78.47.+p, 78.66.Fd
1. INTRODUCTION
In light of the growing interest in spin-related phe-
nomena and devices, there is now a renewed interest in
the science and engineering of narrow gap semiconduc-
tors (NGS) such as InSb. NGS offer several scientifi-
cally unique electronic features such as a small effective
mass, a large g-factor, a high intrinsic mobility, and large
spin-orbit coupling effects. In semiconductors with large
spin-orbit interaction the coupling of electron spin polar-
ization with electric fields or currents can provide new
opportunities for spin manipulation in both electronic
and optoelectronic devices. In particular, spin splitting
in heterostructures caused by bulk inversion asymmetry
(BIA) [1] and structural inversion asymmetry (SIA), of-
ten called Rashba splitting [2, 3] has attracted much
attention and understanding various properties and in-
teractions in these heterostructures is important. Sev-
eral recent transport measurements have demonstrated
mesoscopic spin-dependent ballistic transport in InSb-
based heterostructures [4, 5]. In addition, the integra-
tion of InSb quantum well (QW) transistors onto silicon
substrates has been investigated recently [6]. The per-
formance of field effect transistors (FETs) suitable for
digital logic circuits was demonstrated on material with
a buffer just 1.8 µm thick which is an initial step to-
wards integrating InSb FETs with Si CMOS for high-
speed, energy-efficient logic applications [7].
In bulk n-type semiconductors, two spin relaxation
mechanisms, the Dyakonov-Perel (DP) [8] and Elliot-
Yaffet (EY) [9] are known to be the dominant relaxation
processes. The EY relaxation process originates from
strong mixing of the valence band states and conduction
bands in NGS resulting in non-zero transition rates even
for spin-conserving scattering process. For QWs, the spin
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relaxation rate, τs, in the frame of EY process is modeled
as following: [10]
1
τsEY
= CEY η
2
(
1−
me
m0
)2
E1e
E2g
kBT
1
τp
, (1)
where η = ∆Eg+∆ , ∆ is the spin-orbit splitting of the
valence band, me/m0 is the electron effective mass ratio,
E1e is the confinement energy for the lowest electron sub-
band, Eg is the band gap, τp is the momentum relaxation
time and CEY is a dimensionless constant predicted to
be nearly unity [10].
In DP mechanism, the lack of inversion symmetry in
the presence of a k-dependent spin-orbit interaction can
lift the spin degeneracy even in the absence of an external
magnetic field. In the DP picture, the spin relaxation
rate for QWs is given by [10, 11],
1
τsDP
= CDP
α2
2
E21e
h¯2Eg
kBTτp, (2)
where CDP is a dimensionless constant predicted to be
16 [10, 11] and α is a parameter characterizing the k3
term for conduction band electrons given by:
α ≈
4η
(3− η)1/2
me
m0
(3)
In the case of the DP process, it would be possible to
alter the spin lifetime with an applied electric field which
can modulate the strength of the spin-orbit coupling via
the Rashba effect. In addition, changing the momentum
relaxation time can modulate the spin relaxation time in
both the EY and the DP mechanisms.
In a recent report, the temperature and mobility
dependences of the spin relaxation time in Te-doped
InSb/Al0.15In0.85Sb QWs have been probed suggesting
a fast spin relaxation time of 0.5 ps [12]. The anti-
localization measurements of the InSb-based QWs stud-
ied in this work have suggested τs ∼ 12 ps at temper-
atures below 10 K [13]. Here we report the dynamics
2of photo-excited spins in several InSb based QWs using
magneto-optical Kerr effect (MOKE) spectroscopy.
2. SAMPLES
We probed relaxation of photo-excited spins in the
AlxIn1−xSb/InSb QW structures in several optical ex-
citation regimes. In the first regime the pump/probe
pulses were from a single NIR tunable laser with a max-
imum fluence of 50 µJ cm−2 on the samples. In the
second regime, the pump excitation was tuned in the
mid infrared (MIR) region with a maximum fluence of
10 mJ cm−2 with the probe fixed at 800 nm. We ob-
served that the photo-excited spin dynamics are strongly
influenced by excitation wavelength, laser fluence, and
samples’ growth profiles. Our results are important to
develop concepts toward development of devices employ-
ing InSb based heterostructures and to understand the
effect of spin-orbit coupling in the relaxation dynamics
in NGS. Our InSb square single quantum wells (QWs)
were grown on GaAs (001) substrates by MBE at the
University of Oklahoma. The AlxIn1−xSb barrier layers
are δ-doped with Si. The layers are located either on one
side of the QW (asymmetric sample) or equidistant on
both sides of the QW (symmetric sample). The δ doped
layers within the barrier layers are typically located 70
nm from the well center. The shape and symmetry of
the wells is expected to be determined by whether one or
both barriers are doped. We studied an undoped and five
remotely δ- doped InSb QWs with the electron concen-
trations in the wells ranging from ∼1 − 4.4×1011cm−2,
where only the ground-state subband is occupied and the
mobility is in the range ∼70, 000−100, 000 cm2/Vs at 4.2
K. Detailed growth conditions were described previously
[14, 15]. The characteristics of the samples are summa-
rized in Table I, where samples S1, S2, S3, A1 and A2
are single modulation doped QWs and M1 is an undoped
multi-QW (MQW) structure with 24 wells separated by
50 nm AlxIn1−xSb barriers.
TABLE I: Characteristics of the samples studied in this work.
The densities and mobilities are from the measurements at 4.2
K. In the doped samples, only the first subband is occupied
and the Fermi levels, EF , are with respect to the bottom of
conduction band.
Sample Density Mobility QW Width x CB1 EF
cm−2 cm2/Vs nm % meV meV
S1(S769) 2.0×1011 100,000 30 9 14.4 33
S2(S499) 1.8×1011 135,000 30 9 14.4 29
S3(S939) 4.4×1011 96,000 11.5 15 53 72
A1(S360) 2.2×1011 73,000 30 9 14.4 36
A2(S206) 1.0×1011 70,000 30 7 13.6 16
M1(S591) Undoped 30 9
The band offsets in this system has been determined
earlier [16]. To calculate the interband transition ener-
gies we have used a four-band model described by Bas-
tard [17] with band-edge masses of 0.0139m0, 0.015m0,
and 0.25m0 for the electrons, light holes, and heavy holes,
respectively, where m0 is the free electron mass. The re-
sults of the calculations for the interband transitions in
our samples at 4.2 K are summarized in Table II. Band-
edge effective mass values in the alloy barrier are consid-
ered to change with the band gap Exg according to the
Kane [18] model. The energy gap (in eV) of the alloy at
4.2 K can be calculated from the known variation of the
alloy gap with concentration x: Exg = E
0
g +2.06x [19]. In
addition, the effect of strain has been included in deter-
mination, E0g , the band gap of the InSb QWs [20]. The
variation in the bandgap of both InSb and AlxIn1−xSb
below 77 K is about 3% [19] resulting in no significant
variation in the 2D confinement potentials and the inter-
band transition energies.
TABLE II: Calculated possible interband transition energies
for the samples with different alloy concentrations and well
widths at 4.2 K.
Alloy Well CB1-HH1 CB2-HH2 CB1-LH1 CB2-LH2
% Width
nm meV(µm) meV(µm) meV(µm) meV(µm)
7 30 261(4.7) 300(4.1) 291(4.26) 343(3.6)
9 30 265(4.68) 330(3.75) 302(4.1) 360(3.45)
15 11.5 318(3.9) 449 (2.76) 386(3.2) NA
3. EXPERIMENTAL TECHNIQUE
We probed photo-excited spins in the
AlxIn1−xSb/InSb QW structures at two optical ex-
citation regimes. The experimental details of these two
regimes are described in this section. Both degenerate
and two-color pump-probe techniques were employed to
study the spin relaxations. The degenerate pump-probe
experiments were performed using a mode-locked Ti-
Sapphire laser which produces tunable radiation from
750 to 850 nm with a repetition rate of 80 MHz, with
a maximum fluence of 50 µJ cm−2 on the samples. A
small portion (≈ 10%) of the laser beam was split off to
be used as the probe. The pump beam was modulated
at frequency of 1 KHz with a mechanical chopper. In
this configuration, the excitation laser can not avoid
exciting carriers in the AlxIn1−xSb barrier layer. Our
earlier time resolved cyclotron resonance measurements
on an undoped InSb MQW demonstrated that exciting
the sample with 800 nm pulses can result in high density
of photo-excited carriers in the wells [21].
Our two-color pump-probe measurements were per-
formed using an optical parametric amplifier (OPA) ex-
cited by a Ti-Sapphire chirped pulse amplifier (CPA)
with a repetition rate of 1 KHz. The OPA beam was
used as the MIR pump, with a maximum fluence of 10
mJ cm−2 on the samples and a small portion of the CPA
3(10−5) was used as the probe. In these measurements
the pump excitation created carriers in the barrier layer
except when the sample S3 was pumped at a wavelength
of 2.6 µm.
As a result of selection rules for interband transitions,
spin-polarized carriers can be created using circularly po-
larized pump beams. The MOKE signal arises from the
difference between the optical coefficients of a material
for left and right circularly polarized light which is pro-
portional to the magnetization M [22].
ηk + iθk = −(κ
+
− κ−)/(2n(n2 − 1)) (4)
where θk is the Kerr rotation, ηk is the Kerr elliptic-
ity, n is the index of refraction, and κ+ and κ− are the
optical susceptibilities of the material for right (σ+) and
left (σ−) circularly polarized light, respectively. Since
(κ+ − κ−) ∝M , the MOKE effect can be induced by an
external magnetic field, or an optically or a spontaneous
induced magnetization [22]. Using aWollaston prism, the
reflected NIR signal was separated into s- and p- compo-
nents which are orthogonal and have equal intensity in
the equilibrium spin density state. In the presence of
non-equilibrium spin polarized carriers, the MOKE sig-
nal reflects as an intensity difference between the s- and
p- components of the reflected probe pulses. The signals
were monitored using a Si balanced detector and were
fed into a lock-in amplifier.
4. RESULTS AND DISCUSSION
Here we report the results of MOKE induced by opti-
cal magnetization to measure spin relaxations. Temporal
traces of time resolved MOKE for the sample A1 at 77
K for σ+, σ−, and linearly polarized lights are shown in
Fig. 1. The measurements were taken under the excita-
tion by NIR radiation at 775 nm with average power ∼
400 mW (fluence of ∼ 50 µJ-cm−2) resulting in a photo-
induced carrier density of ∼5×1017 cm−3. As shown for
σ+, at timing zero, sample A1 demonstrates a sharp in-
crease in the MOKE signal followed by a rapid recovery
of the signal. The same measurement for σ− shows a
similar pattern which is not a mirror image of the trace
shown for σ+. No residual MOKE signal was observed
for the linear polarization of the pump. The inset shows
the MOKE signal at 4.2 K for σ+ which exhibits the
same oscillatory pattern. As shown in Fig. 2a for sample
A2, under similar experimental conditions, we observed
oscillations at 77 K. The oscillations appear at time de-
lays greater than 10 ps and do not appear at negative
time delays. The oscillatory pattern can be attributed to
precession of z components of electron spins at the Fermi
level with possible contributions from both BIA and SIA.
A similar damped oscillatory behavior has been observed
in a high-mobility n-doped GaAs/AlGaAs at tempera-
tures below 5 K [23, 24]. This effect has been attributed
to the breakdown of collision-dominated regime of spin
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FIG. 1: Photo-induced MOKE of sample A1 at 77 K versus
time delay under pumping with circularly and linearly polar-
ized radiations at 775 nm and probing with the same wave-
length. The upper trace represents the photo-induced carrier
density. The laser fluence is estimated to be in the order of
50 µJ-cm−2. The inset shows the MOKE measurement for
one pump polarization at 4.2 K. The dashed lines represent
exponential fits to the data and for clarity are shifted slightly.
relaxation. In their case, the SIA considered to be 10
times less important than the BIA.
In our case, the calculated potential profile of
the conduction band in a 30 nm wide asymmet-
ric InSb/Al0.09In0.91Sb QW with doping density of ∼
2.0×1011 cm−2 suggests an in built electric field of
3.3×106 V/m corresponding to an effective magnetic field
of ∼ 0.3 mT [25]. In our samples, the damped oscillations
occur at higher temperatures (77 K or lower) compared
to the GaAs/AlGaAs structures [23, 24]. If our observed
oscillations are due to the spin precession at zero applied
magnetic field, then InSb QWs are potentially useful in
spin FETs that operate at higher temperatures. If we
only include the spin-polarized photo-induced carriers,
with a density on the order of 5.0× 109 cm−2, we obtain
oscillation frequency, Ω(KF ), at the Fermi level equal to
0.7 rad/ps corresponding to a period of ∼9 ps. In this
scenario, the calculated frequency is the same order of
magnitude as the observed oscillation frequency in our
measurements. The Ω(KF ) and the period change to 4
rad/ps and 1.5 ps, respectively, if we include a total den-
sity of 2.0×1011 cm−2. In these estimations, the Rashba
splitting strength of αR = 1.3 × 10
−9 eV-cm was used
[15]. Using αR = 1 × 10
−10 eV-cm with a total den-
sity of 2.0 × 1011 cm−2 results in Ω(KF ) of 0.3 rad/ps,
closer to the observed frequency in our measurements.
This smaller order of magnitude for αR has been cal-
culated for a well width of 30 nm and electron density
of 2.0 × 1011 cm−2 in Ref. [26]. Recently the Larmor
frequency of bulk InSb has been measured suggesting a
4spin precession period of 5-10 ps, depending on the laser
pumping wavelength [27].
If the product of Ω(KF )τp ≥ 1, spins precess more than
a full cycle before being scattered. On the other hand
if this product is smaller than 1, the individual electron
spin can only precess by some fraction of a full cycle
before the momentum scattering changes the amplitude
and direction of the effective magnetic field [23, 24]. In
our case for the measured Ω(KF ) = 0.2 rad/ps, if we use
the value of the momentum scattering, ∼ 0.6 ps, from the
measured Hall mobility at 77 K, a collision-free condition
would not be satisfied unless the momentum scattering
time of the photo-induced spin polarized carriers is sig-
nificantly larger than the value obtained from the Hall
mobility (∼ 0.6 ps) for the electrons already in the QW.
In the following sections the results of our measurements
in symmetric samples are presented.
Figure 2b demonstrates the typical spin relaxations in
the symmetric samples S1, S2, and the MWQ, M1. For
a fluence of about 50 µJ-cm−2 the relaxations in S1, S2
and M1 exhibit some similar patterns. If we refer to the
relaxation time as the time when the signal at positive
time delay reaches approximately to the same value the
negative time delay. The temperature dependence of re-
laxations in these structure is rather weak but as shown
for S2, the relaxation time is slightly tunable as a func-
tion of the laser fluence. The lack of oscillations in the
MOKE signal of our symmetric samples could suggest
that the BIA is not a dominant mechanism of the spin
splitting in these structures. It has been suggested and
probed by several groups that BIA dominates mainly in
large gap semiconductors [28, 29, 30, 31].
In the second regime probed by our measurements, we
used a two-color MOKE scheme, using MIR pump pulses
fixed at 2 µm and NIR probe pulses fixed at 800 nm. For
the samples studied here 2 µm (620 meV) pump pulses
can not avoid exciting the carriers in the AlxIn1−xSb
barrier layers, but the significance of this scheme was
that it allowed probing the relaxations at a higher flu-
ence compared to the degenerate regime. Examples of
the measurements are shown in Fig. 3a and 3b for two
different samples (A1 and S1) at RT. In this regime the
photo-induced spin relaxations show exponential decays
faster by an order of magnitude compared to the lower
fluence regimes shown in Fig 2. This can be explained
using the EY mechanism where the spin relaxation time
is directly proportional to momentum scattering time.
At higher excitation fluences the momentum scattering
time is expected to be shorter (due to the existence of
high photo-induced carrier density) and the observation
of a faster spin relaxation is expected for the EY mech-
anism.
Figure 3c shows the spin relaxation traces for the sam-
ple S3 at several temperatures in the high fluence regime.
Compared to the samples A1 and S1, the sample S3
shows a longer spin relaxation time in the high fluence
regime. In the case of S3, using 2.6 µm radiation (477
meV, this photon energy is close to the HH2-CB2 transi-
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FIG. 2: a) Photo-induced MOKE of sample A2 at 77 K and
room temperature (RT) versus time delay. Multi-step relax-
ation disappears at temperatures above 77 K and the temper-
ature dependence above 77 K is weak. b) Top trace: MOKE
of the undoped sample, M1, at 77 K for fluence of ∼ 50 µJ-
cm−2. Middle traces: MOKE traces of the sample S2 at differ-
ent laser fluences,. Lower trace: MOKE signals in the sample
S1 for a fluence ∼ 50 µJ-cm−2. In the samples S1, S2, and
M1 the temperature dependence is weak and data is shown
only for the measurements at 77 K. The dashed lines repre-
sent exponential fits to the data and for clarity are shifted
slightly.
tion in this sample) for the pump, it is possible to excite
carriers only in the InSb well and not in the Al0.15In0.85Sb
barrier layer. This fact is supported by earlier mea-
surements that determined the concentration and tem-
perature dependence of the fundamental energy gap in
AlxIn1−xSb [19]. In addition, as shown recently for bulk
InSb at RT [32], a large density of photoholes can reduce
the momentum relaxation time, (τp), of the electrons and
therefore if the DP process is dominant, an increase in
the spin lifetime can be observed. In bulk n-InSb this
effect was found to increase the spin lifetime by a factor
of 2 to 3 , changing the spin relaxation from 14 to 38
ps. As shown in Fig. 3c at 77 K for several laser flu-
ences, we observe modification of the relaxation patterns
by the density of photo-induced carriers. The effect of
pump fluence and therefore initial spin polarization in a
high mobility GaAs/AlGaAs single QW has been probed,
suggesting a similar increase in spin relaxation time by
increasing the initial spin polarization [24]. In our sam-
ples, we only see this effect when we selectively pump the
InSb well layer and avoid the barrier materials.
In general, we believe that some of the observed differ-
ences could be also due to the differences in the growth
profiles. For example, S3 (the 11.5 wide QW) has 13
nm of InSb cap layer and 139.5 nm of AlxIn1−xSb layer
above the well, whereas the 30 nm QWs, except S2, has
a 10 nm thick InSb cap layer. S2 has a 20 nm thick InSb
cap layer. In addition, samples A1, A2, S1 and S2 have
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FIG. 3: a) and b) show examples of the two-color MOKE
measurements in high fluence regime. c) MOKE traces of
sample S3 at different laser fluences and temperatures. At RT
we were able to observe MOKE at the highest available flu-
ence (10 mJ-cm−2) where the relaxations show a step pattern
rather than an exponential decay. The dashed lines represent
exponential fits to the data and for clarity are shifted slightly.
25 nm, 60 nm, 170 nm and 130 nm of AlxIn1−xSb above
the InSb QW layers, respectively. Sample M1 which is
a MQW, has a 10 nm thick InSb cap layer with 50 nm
thick barriers above and below each well. The absorption
length in these heterostructures (in the wavelength region
used in this study) is about 0.5 µm ; therefore, the re-
gions where the photo-generated carriers are created can
be different in each sample. In our measurements, the
best case to compare the experimental data with the DP
and EY models, is the case in Fig. 3c. In this sample
(S3) using 2.6 µm, we have avoided the barrier material.
Using the momentum scattering time from the measured
Hall mobility, the calculated spin relaxation, τs, accord-
ing to the EY and DP models are summarized in Table
III. It has been theoretically predicted that for III-V bulk
semiconductors, EY mechanism is dominant at very low
temperatures (T<6 K) [33]. However, it has been re-
ported that a cross-over to the DP mechanism can occur
even at RT in low mobility (∼10,000 cm2/Vs) InSb QW
samples [34]. In our case the EY model provides a better
fit for the RT observation and the DP for the measure-
ments at 4.2 K.
5. CONCLUSIONS
We report spin relaxation measurements in a series of
InSb based QWs. In the low fluence regime (∼ 50 µJ-
cm−2), an oscillatory pattern was observed in samples
with asymmetric doping profiles at low temperatures (≤
77K) which can be attributed to a quasi-collision-free
TABLE III: Calculated spin relaxation times τs with CDP =
16 and CEY = 1 for sample S3 using Eq. 1 and Eq. 2, com-
pared to the experimental observations at several temperatures
with a significant variation in the relaxation times.
Sample T(K) τs(DP ) τs(EY ) τs
(ps) theory (ps) theory (ps) experiment
S3 4.2 7 3827 ∼8
25 1.3 535 ∼6
77 0.6 124 >16
300 0.4 12 ≫ 16
spin relaxation regime. Probing this effect further by
gating the samples or by adjusting the asymmetric dop-
ing level to alter the built-in electric field and therefore
tuning the effective magnetic field, can provide more in-
sight to this observation. In addition, the actual value of
αR (the SIA factor or the Rashba coefficient) which con-
trols the precession frequency of the photoexcited car-
riers is a crucial factor to model the observations. In
a high fluence regime, using a two-color setup and not
avoiding the barrier materials, we observed faster spin
relaxations expected from the EY mechanism. By selec-
tively pumping the well of sample S3, we observed spin
relaxation times which were different from non-selective
pumping schemes. This fact might suggest that the spin
relaxation observed in the non-selective pumping can be
influenced by the barrier materials. We will be extend-
ing our measurements to probe samples with higher alloy
concentrations when they become available and to probe
the spin relaxations using the differential transmission
technique in MIR.
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